The interband π and π+σ plasmons in pristine graphene and the Dirac plasmon in doped graphene are not applicable, since they are broad or weak, and weakly couple to an external longitudinal or electromagnetic probe. Therefore, the ab initio Density Function Theory is used to demonstrate that the chemical doping of the graphene by the alkali or alkaline earth atoms dramatically changes the poor graphene excitation spectrum in the ultra-violet frequency range (4 − 10 eV). Four prominent modes are detected. Two of them are the intra-layer plasmons with the square-root dispersion, characteristic for the two-dimensional modes. The remaining two are the inter-layer plasmons, very strong in the long-wavelength limit but damped for larger wave-vectors. The optical absorption calculations show that the inter-layer plasmons are both optically active, which makes these materials suitable for small organic molecule sensing. This is particularly intriguing because the optically active two-dimensional plasmons have not been detected in other materials.
The alkali or alkaline earth intercalated graphene is much easier to fabricate and offers a broader variety of plasmons, both intraband and (especially) interband. Such systems have recently been extensively studied, both theoretically and experimentally [12] [13] [14] [15] [16] [17] [18] , but the attention has not been on the electronic excitations. Intercalating any alkali or alkaline earth metal to a single graphene layer causes the natural doping of the graphene and results in the formation of two quasi two-dimensional (q2D) plasmas. This supports the existence of two 2D intraband plasmons, acoustic and Dirac, with frequen-cies up to 4 eV [20] , as well as several interband and even inter-layer modes occurring at higher frequencies. Some of these modes are optically active and some of them can be manipulated by doping, which opens possibilities for their application in various fields, such as plasmonics, photonics, transformation optics, optoelectronics, light emitters, detectors and photovoltaic devices [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] . Moreover, 'tunable' 2D plasmons could be very useful in the area of chemical or biological sensing [31] [32] [33] [34] , which is one of our main suggestions for the potential application of the results of this research.
We performed calculations for several alkali and alkaline earth metals, with different coverages, and found that the effects which are the focus of this letter are valid for all of them. In all these cases, in addition to the graphene π and σ bands, there are also the π and σ bands of the intercalated metal. This opens possibilities for various electron-hole (e-h) transitions which may be the origins of the interband plasmons. We limit our investigation to the frequencies between 4 and 10 eV(the UV region), where the dominant interband plasmons occur, and identify four significant modes within this range. Two of them are not very well defined in the long-wavelength limit but they exist at larger wavevectors as well, and show the square-root dispersion characteristic for the surface and 2D modes. These modes are the intra-layer modes, one located in the graphene layer and the other located in the metallic layer. The other two are very prominent in the long-wavelength limit, but at higher wave-vectors their intensities rapidly decrease, which makes them potentially interesting for optical applications [11, 21, 22, 31, 35] . Their dispersions are different from those typical for the 2D modes, indicating that they are different from the usual 2D plasmons. Detailed inspection (including retardation, i.e. finite speed of light, and tensorical response) shows that they are dipolar inter-layer modes (the electric field they produce oscillates perpendicular to the crystal plane), i.e. opti-cally active q2D plasmons, contrary to the widely studied q2D plasmons which produce electric field parallel to the crystal plane, and are not optically active. The extensively studied graphene π and π + σ modes are optically active, but in the long wavelength limit (Q → 0) they are not plasmons but electron-hole excitations [9] .
The theoretical formulation of the electronic response in various q2D systems has already been presented [3, [36] [37] [38] , so here we only point out some details of the calculation important for the understanding of the result we want to present. We define the Electron Energy Loss Spectroscopy (EELS) local spectral function as the imaginary part of the excitation propagator
where
The S z0 (Q, ω) is also proportional to the probability density for the parallel momentum transfer Q = (Q x , Q y ) and the energy loss ω of the reflected electron in the Reflection Electron Energy Loss Spectroscopy (REELS) [39] . The induced dynamically screened Coulomb interaction is 
, where f i is the Fermi-Dirac distribution, ρ G,ij are charge vertices [3] , Ω is the normalization volume, and i = (n, K) and j = (m, K + Q) are KohnSham-Bloch states. The Coulomb interaction with the surrounding supercells in the superlattice arrangement is excluded, as described in detail in Ref. [36] . To calculate the Kohn-Sham (KS) wave functions φ nK and energy levels E nK , i.e. the band structure, of the LiC 2 , LiC 6 , CaC 6 and CsC 8 slabs, we use the planewave self-consistent field DFT code (PWSCF) within the QUANTUM ESPRESSO (QE) package [41] . The core-electron interaction is approximated by the normconserving pseudopotentials [42] , and the exchange correlation (XC) potential by the Perdew-Zunger local density approximation (LDA) [43] . For the slab unit cell constant we use the graphene value of a uc = 4.651 a.u. [44] , and we separate the slabs by L = 5a uc = 23.255a.u. The equilibrium separations between the metallic and carbon layers within a slab for these four systems is d = 4.1a.u.(2.17Å), 3.28a.u.(1.74Å), 4.46a.u. (2.36Å) and 5.8a.u. (3.08Å), respectively, as proposed in Ref. [18, 19] . Our reference frame is chosen so that the graphene layer is positioned at z = 0, and the metallic layer is at z = d. The ground state electronic densities of the slabs are calculated by using the 12 × 12 × 1 Monkhorst-Pack K-point mesh [45] of the first Brillouin zone (BZ). For the plane-wave cutoff energy we choose 50Ry (680eV). The Fermi levels of these systems (measured from the Dirac point, i.e. from the pristine graphene Fermi level) are: E F = 1.78, 1.55, 1.375 and 1.24eV, respectively. For the response matrixχ 0 calculation in the long-wavelength (Q < 0.01a.u.) limit we use 601 × 601 × 1 K-point mesh and the damping parameter η = 10meV , while for the larger Qs we use 201×201×1 K-point mesh sampling and η = 30meV . In all cases the band summation is performed over 30 bands and the perpendicular crystal local field energy cut off is 10Ry (136eV), which corresponds with 23 G z wave vectors.
Figs. 1 shows the excitation spectra in (a) CsC 8 , (b) CaC 6 , (c) LiC 6 and (d) LiC 2 slabs, calculated from Eg.1. The spectral intensities are shown as functions of ω and Q, using the color scheme, which enables us to see the dispersions of the modes. We can see that, in addition to the well known modes present in the doped graphene (Dirac (DP) and π (C(π)) plasmon [3] ), there are a few other modes, strong in the long-wavelength limit (indicating their optical activity) and more pronounced in the systems with higher electronic doping, especially for LiC 6 and LiC 2 . Therefore, we put emphasis on the system with the highest doping, i.e. to the LiC 2 . Fig.1(d) shows the intensities of the electronic excitations in the ΓM and ΓK direction for the LiC 2 . The spectra in these two directions are very similar, so here we focus only on the ΓM direction. At lower frequencies (up to 4 eV) we can see the intra-band q2D plasmons, which have already been discussed in detail for the LiC 2 [20] . At frequencies between 4 and 10 eV we can see four significant inter-band modes (denoted as C(π), Li(π + σ), ILP 1 and ILP 2 ), two with the square-root dispersion, characteristic for the q2D systems, which exist for the larger wavevectors as well, and the other two which are strongly damped for larger wavevectors. These modes, which exist in all these systems (at similar frequencies), are the focus of this letter. To understand them we shall explore the band structure and the spectra of electronic excitations in the LiC 2 in more detail. However, our conclusions about the origins and characteristic of the modes obtained for the LiC 2 , are valid for the other three systems as well. Fig.2 shows spectra S(ω) for the LiC 2 for various wavevectors Q (denoted in graphs) in the ΓM direction. The lower panel contains the spectra of the n-doped graphene (dashed red lines), with the same doping as in the LiC 2 (E F = 1.78eV), for comparison. The doped graphene spectra show only two modes, the very prominent intraband Dirac plasmon, roughly matching the LiC 2 Dirac plasmon, and the interband π plasmon around 5eV, which is very weak due to heavy doping. In the LiC 2 spectra, in addition to the already described q2D intraband acoustic and Dirac plasmon (AP and DP) [20] , we can notice a barely visible broad peak between 4.5 and 5eV, which corresponds with the graphene π plasmon, plus three other modes which cannot be related to any of the graphene modes. This means that these modes are either the lithium q2D intra-layer modes, or the inter-layer modes, which represent charge oscillations perpendicular to the crystal plane. Fig .3(a) shows the band structure of the LiC 2 slab, with the color scheme indicating the predominant origins of particular bands. Blue and turquoise indicate predominant lithium π and σ orbitals, respectively, while red and pink indicate predominant graphene π and σ orbitals, respectively. The arrows indicate the e-h transitions which are the potential origins of the four modes. However, since the transition energies are very similar, it is impossible to reach definite conclusions about the origins of the particular modes from the band structure itself. Fig.3(b) shows the imaginary (thick solid black line) and real (thick dashed black line) part of the excitation propagator (2) in the LiC 2 for several characteristic wavevectors Q. The thin red line is the unscreened (single particle) spectrum obtained by replacing χ with χ 0 in W ind used in (1) . By comparing these three lines we can distinguish the collective modes from the single particle excitations. Furthermore, comparing the frequencies of these excitations with the transitions in the band structure in the Fig.3(a) can help us identify the origins of some of the modes. In the unscreened spectra (thin red lines) we can see two prominent peaks, one around 4ev which exist for all wavevectors, and the other around 6eV which disappears for larger Q. This indicates that the first one is the origin of the modes denoted as C(π) and Li(π + σ), while the second one is the origin of the remaining two modes (IL 1 and IL 2 ). Further analysis consists of applying the p and n doping to our system (i.e. changing the position of the Fermi level and causing some occupied bands to become unoccupied, and vice versa), and omitting particular bands from the calculation of the response function χ 0 , to determine the exact role of each band. By doing that, we found out that the first peak in the single particle spectra is actually an overlap of two peaks. One is coming from the transition between the π and π * graphene bands around the M point (red arrow in Fig.3(a) ), and that one is the origin of the mode denoted as C(π), i.e. the graphene π plasmon. The other is coming from the transition between the σ and π lithium bands around the Γ point (blue arrow in Fig.3(a) ), and that one is the origin of the mode denoted as Li(π+σ), i.e. the lithium π+σ plasmon. The second peak in the single particle spectra comes from the transitions between the graphene π bands and the lithium σ bands (black arrows in Fig.3(a) ), and it is the origin of the remaining two modes, denoted as IL 1 and IL 2 . Their dispersion is not square root like, which is the consequence of their inter-layer nature. All the presented spectra are calculated for the probe positioned at z 0 = L/2, but we can change the position of the probe and monitor the changes in the spectra to determine the symmetry of the particular modes. By doing that we confirmed that one of the peaks (IL 1 ) is even, while the other one (IL 2 ) is odd.
Contrary to the intra-layer plasmons C(π) and Li(π + σ) the inter-layer plasmons IL 1 and IL 2 are sharp, well defined resonances which could be especially suitable for the sensing of small organic molecules with excitonic spectra in UV frequency range. However, the crucial question is: can the IL 1 and IL 2 plasmons be excited by an external electromagnetic field, i.e, are they optically active? If that is the case, then it seems that the intercalated graphene may become the technologically simplest platform for biosensing. In the systems proposed so far, light could be coupled to plasmon resonances only indirectly, e.g. by using the metallic nanoparticles, gratings or prisms, or by arranging graphene into nanoribbons, which is much more difficult to fabricate. Another exciting aspect of this issue is that the optically active q2D plasmons have not been discovered in other systems. In order to answer this crucial questions we performed a sophisticated angle resolved optical absorption calculation which includes the retardation and the tensoric character of the LiC 2 dynamical response [46] . The mathematical formulation of this theoretical tool and its application to the molybdenum disulfide (MoS 2 ) monolayer is presented in Ref. [47] . Fig.3(c) shows the absorption of p polarized light in the LiC 2 , as a function of the incident light with the frequency ω and angle θ (as sketched). For the normal incidence (θ = 0 o ) the electric field is parallel with the crystal plane and there are no peaks corresponding to IL 1 and IL 2 . However, as the incident angle increases the IL 1 and IL 2 peaks appear, and finally for the almost grazing incidence (θ = 80 o ), i.e. for the the electrical field almost perpendicular to the crystal plane, they become very intensive. This undoubtedly confirms not only that these modes are optically active, but also their inter-layer character. The grazing spectra show some additional peaks (ex 1 , ex 2 and ex 3 ) which do not appear in the EELS spectra, i.e. which can not be excited by an external lon-gitudinal probe, which means that they are probably not plasmons but UV active excitons.
In the remaining three systems presented in this letter, the electronic doping is weaker than in the LiC 2 which has two important consequences. First, the two interlayer plasmons are not nearly as strong and sharp as they are in the LiC 2 , but they still exist, and are still optically active in the UV region. Second, due to the weaker doping the Fermi level is lower (with respect to the LiC 2 Fermi level) by 0.23eV for LiC 6 , 0.405eV for CaC 6 and 0.54eV for CsC 8 . Considering that the plateau in the graphene π * band is only 0.1 -0.2eV below the LiC 2 Fermi level, this means that in the three other systems that plateau is unoccupied, which makes the graphene π plasmon much stronger. Therefore, by changing the doping (by changing the dopant or the coverage, or by applying the gate voltage) we can tune these modes, i.e. increase or decrease their intensities.
In conclusion, we showed that doping the graphene by the alkali or alkaline earth atoms dramatically modifies the graphene plasmonics, especially in UV parts of the spectra, where we obtain four interband plasmons. This effect is the strongest in the full coverage lithium doped graphene (LiC 2 ), due to the highest doping. Two of the modes, not very strong in the long wavelength limit, exist for larger wavevectors, with the square-root dispersion characteristic for the 2D plasmons. They turned out to be the intra-layer modes, one within the graphene layer (the well known graphene π plasmon), and the other within the intercalated metal layer. The other two plasmons ILP 1 and ILP 2 are strong and sharp in the long wavelength limit, but damped for the larger wave-vectors. They turned out to be the inter-layer optically active plasmons, i.e. they couple directly to the electromagnetic field. Such unusual and poorly explored optically active 2D plasmons can be used as the efficient sensor in chemical sensing and biosensing.
